Background: Osteochondral defects (OCD) can affect the articular cartilage and subchondral bone tissues, which requires superior therapies for the simultaneous and full restoration of such structurally and biologically different tissues.
INTRODUCTION
Orthopedic surgeons have been facing major limitations in the development of personalized therapies to treat and regenerate osteochondral defects (OCD). These pathologies can simultaneously affect the articular cartilage and the subchondral bone, which implies advanced technological solutions to ensure the complete restoration of the two different tissues [1] . Cartilage defects are normally irreversible, considering its limited self-healing capacity and lack of vascularization. Subchondral bone has no such limitations, however, when an OCD reaches subchondral bone it means that articular cartilage has been deeply compromised. Another possible scenario is the loss of subchondral bone density that affects the support of articular cartilage from load bearing, resulting in cartilage tissue fracture and degeneration [2] . Diseases arising from articular cartilage can derived from natural degradation or traumarelated injuries. The current methods used to treat OCD include nonsurgical therapies (drugs and/or physical therapy) and surgical techniques, depending on the severity of the defect. Arthroscopy, bone marrow stimulation (microfracture), the use of autografts or allografts, and cell-based therapy with autologous chondrocytes implantation, include the most common surgical methods used to treat OCD [3, 4] .
However, according to the orthopedic surgeons these are palliative and temporary solutions for improving the quality of life of patients, not ensuring the complete regenerative process of the OC tissue and the healing of mature hyaline articular cartilage [5] . With this in mind, OC tissue engineering (TE) strategies come to revolutionize the field of orthopedic surgery proposing promising alternatives for OCD repair and regeneration. Most of these strategies involve the individual or combined Regen Med Front. 2019;1:e190007. https://doi.org/10.20900/rmf20190007
Regenerative Medicine Frontiers 3 of 22 application of scaffolds, cells and growth factors [6] . The initially proposed OC scaffolds were homogeneous structures used to simultaneously reach the needs of articular cartilage and subchondral bone [7] . Nowadays, the development of more complex and stratified heterogeneous structures was recognized as a better solution to treat OCD considering its hierarchical structure that contain specific mechanical properties and biological composition from the top articular cartilage layer to the underlying subchondral bone layer. Another important consideration for scaffolds design relies in the interface region between the articular cartilage and subchondral bone, also called as calcified cartilage [8] . This region has been considered by many authors as an additional layer for scaffolds production due to the recognition of its intermediate properties that do not fully fit into the articular cartilage nor in the subchondral bone properties [9] . Thus, bilayered, trilayered and multilayered scaffolds have been proposed for OCD repair and regeneration since they can better mimic the native structural complexity of OC tissue. These scaffolds should also include adequate macro-/micro-porosity, in some cases with different gradients and porous orientations [10] . For that, different processing technologies have been used, including solvent casting and particulate leaching, freeze-drying, phase separation and gas foaming, in combination with a wide range of natural and/or synthetic polymers [11] . The natural polymers are the most attractive for producing hydrogel-based scaffolds due to their aqueous nature, similarities to the native ECM and biological performance. The synthetic polymers usually present superior mechanical properties but slow biodegradability and less biocompatibility with human tissues [12] . Therefore, by means of combining synthetic-and natural-based biomaterials result in significantly enhanced mechanical and biological properties being proposed as marketed products for OC regeneration, but only a few have become clinically available. For example, the monolithic trilayered scaffold MaioRegen ® composed by graded structures of collagen and magnesium enriched hydroxyapatite (HAp) and with a cartilage-bone interface that reproduced the tidemark of native OC tissue, have shown promising results for OC defects treatment [13] . However, one study has shown the non-homogeneous repair of OC tissue in the defective areas, which compromised the reliability of the product [14] . Another example is the cell-free biphasic scaffold TruFit ® , made of a poly(lactic-co-glycolic acid)-poly(glycolic acid)/calcium-sulfate copolymer, which showed good short-term results of OCD repair in most of the patients [15, 16] , but in 2009 and in the following years, different reports exhibited foreign body reactions and lack of bone ingrowth, being then removed from the market in 2013 [17, 18] . The Kensey Nash Cartilage Repair Device composed of collagen type I and β-tricalcium phosphate (β-TCP) [19] , and the Agili-C TM composed of crystalline coral aragonite and hyaluronic acid [20] , also include the class of cell-free bilayered scaffolds proposed to simultaneously regenerate hyaline cartilage and its underlying subchondral-bone layer.
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Calcium phosphates (CaPs) are the main inorganic component of native bone tissue and the main constituent of tooth enamel, which makes them desirable for bone regeneration. Amongst CaPs, β-(Ca3(PO4)2) and HAp (Ca10(PO4)6(OH)2), have received particular attention owing their bioactivity and biocompatibility, and ability to be gradually absorbed in vivo and replaced by bone over time [21] . Nevertheless, these materials are brittle bringing out poor mechanical strength particularly for load-bearing applications, which can be solved by blending them with polymers, thus combining the stiffness of CaPs with the elastic properties of the polymeric matrices to form composites with improved mechanical properties for bone applications [1, 22] . Incorporating trace elements existing in bone (e.g., Sr 2+ , Zn 2+ ) into β-TCP structure has shown enhanced growth factors like bone morphogenetic protein-2 (BMP-2) and vascular endothelial growth factor production, as well improved mechanical properties and degradation control [23, 24] . Those ionic elements play an essential part in the biological action course, for example Sr 2+ encourages bone formation and has an inhibitory role on bone resorbing osteoclast cells [25] , and Zn 2+ is an essential trace element able to promote osteoblast cell proliferation and differentiation, and has anti-angiogenic effects by decreasing the expression of genes and growth factors enrolled in angiogenesis [26] .
Silk fibroin (SF) protein has attracted much attention in TE field due to the extraordinary in vivo biocompatibility and biodegradability, as well as, excellent mechanical elasticity and flexibility [27] . It has been proposed as a biomaterial scaffold for orthopedic repair due to its fibrous structure similar to collagen type I and type II [28] . Moreover, the semi-amorphous and hydrophilic regions between the β-sheets of SF act as deposition sites of HAp nanoparticles mimicking the anionic structure of non-collagenous proteins [29] . Different studies have also reported that the SF crystalline phase can nucleate the deposition of HAp [30] , and the presence of HAp blended with amorphous SF can induce conformational changes to the protein and presents superior mechanical performance [31] . Although SF protein has poor intrinsic capacities for bone regeneration, its blending with ceramic particles can not only be advantageous to improve the mechanical behavior of the biomaterials, but also to increase their osteogenic capacity in order to mimic the structure of native bone tissue.
Highly porous 3D networks have been recognized as suitable for OC applications allowing cell infiltration and extracellular matrix (ECM) formation throughout the engineered cartilage and subchondral tissues.
However, in some cases, the big challenge remains to obtain these architectures with adequate structural adaptability and resilient properties, necessary for a good integration into the host OC tissue.
Hydrogel-based systems have been used for TE applications, containing a high water content that improves their elastic behavior and swelling capacity. Moreover, the hydrated nature of the hydrogels resemble the natural ECM of tissues, ensuring a suitable microenvironment for cell growth and protein delivery [32] . Recently, we have proposed a new Regen Med Front. 2019;1:e190007. https://doi.org/10.20900/rmf20190007
Regenerative Medicine Frontiers 5 of 22 approach using horseradish peroxidase (HRP) to crosslink SF (HRP-SF) to form macro-/micro-porous scaffolds for cartilage and OCTE applications [11, 33] . The developed hierarchical scaffolds, made of HRP-SF and HRP-SF containing β-TCP doped with zinc and strontium (HRP-SF/ZnSr-β-TCP), presented adequate structural integrity, superior mechanical properties, and excellent in vitro cell properties, particularly for the ion-doped structures [11] . Considering those results, herein was assessed a complementary in vivo evaluation of such hierarchical scaffolds, using a rabbit knee critical size OCD model. We hypothesize that the spatially limited incorporation of ZnSr-βTCP bioresorbable powder will affect the new bone ingrowth's and mineralization, in comparison to the same structures with no ion incorporation.
MATERIALS AND METHODS

Materials and Reagents
Bombyx mori cocoons were supplied by the Portuguese Association of Parents and Friends of Mentally Disabled Citizens (APPACDM, Castelo Branco, Portugal). All reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise indicated. Figure 1A ). Regenerative Medicine Frontiers 6 of 22 precipitation, followed by milling and sieving, with an average particle size of 1-10 µm, as previously described [34] . The ZnSr-β-TCP and β-TCP powders were mixed with the HRP-SF solution and transferred into cylindrical silicone molds (9 mm inner diameter; Deltalab, Barcelona, Spain), followed by adding 2 g of granular sodium chloride low in endotoxins (EMPROVE, VWR BDH Prolabo, Briare, France) sieved at 500-1000 μm range (Analytic Sieve Shaker; AS 200 Digit, Retsch, Germany) ( Figure 1A ). After gelling at 37 °C in the oven, the molds were placed in distilled water and the salt extracted (porogen) during 72 h. Finally, the subchondral bone-like scaffolds were removed from the molds using a 
Preparation of Concentrated Aqueous SF Solution
Preparation of HRP-Crosslinked SF/ZnSr-Doped β-Tricalcium
Phosphate Hierarchical Scaffolds
In vivo Implantation of the Hierarchical Scaffolds
The in vivo OC regeneration potential of the hierarchical scaffolds was evaluated by their implantation in the knee of 12 male New Zealand white rabbits (Charles River Laboratories, Saint-Germain-sur-l'Arbresle, France). All the rabbits had 11 weeks and with an average weight of 2.9 kg, at the time of implantation. All animal procedures were based upon the were used for OCD implantation. The scaffolds were previously sterilized with ethylene oxide. In total, 6 rabbits (4 critical OC defects/rabbit) were used for implanting 12 hierarchical scaffolds (6 BdTCP; 6 BTCP). The rabbits were first anesthetized using a mixture of Ketamine (25 mg/mL) and metedomidine (0.15 mL/kg), and then the hair in the knee joints of the hind legs were shaved for disinfection of the limbs. 2 OCDs (5 mm in diameter and 5 mm in depth) were created in each femur using a Brace manual drill. First, an internal para-patellar rabbit incision was performed and the patella dislocated. The drills were made located between the lateral and the medial condyle, and in the opposite site of the patellar. A press fitting technique was used for the scaffolds implantation.
In each rabbit, one of the defects was empty and used as control. The rabbits were euthanized 8 weeks post-operation and the knees excised. 
RESULTS
Regeneration of Rabbit Knee OCD by the Hierarchical Scaffolds
Integration and OC tissue formation on the hierarchical scaffolds
The potential of the BdTCP and BTCP scaffolds to regenerate OCD was assessed by implanting the structures up to 8 weeks into OCD induced in rabbit knees. From the macroscopic images (Figure 2A Figure 5A ) and BTCP ( Figure 5B ) scaffolds was confirmed. The defect control also showed positive staining of Col II ( Figure 5C ). 
DISCUSSION
OC tissue regeneration remains a big challenge for TE researchers and orthopedic surgeons. The high complexity of OC tissue relies in its dual structural, biochemical and cellular composition. In the avascular chondral layer reside chondrocytes, surrounded by a highly aqueous ECM composed by collagen type II and proteoglycans. On the other side, a highly vascularized subchondral bone layer is composed by different types of cells (e.g., bone marrow cells, osteoblasts, osteocytes and osteoclasts), collagen type I and the inorganic phase HAp [7] . Thus, when considering a scaffold as an innovative strategy to OCD treatment, different features should be considered. It has been recognized that bilayered scaffolds composed by specific mechanical, chemical and morphological properties in each layer, are more likely to simultaneously satisfy the regeneration of the articular cartilage and subchondral bone tissues [1] . Moreover, advances have been made for the fabrication of an intermediate region that mimics the interface between the two layers and interconnects their distinct properties [35] . For example, Ding et al. [36] developed integrated OC composite scaffolds containing three layers. The and blood vessels infiltration on the underlying SF-nanoCaP layer [38] [39] [40] .
The suitability of macro-/micro-porous HRP-crosslinked SF scaffolds for cartilage TE applications was also demonstrated in our previous works [33] . These structures presented combined features of chemically and mechanically stable SF scaffolds, with the elastic behavior of enzymatically crosslinked SF hydrogels [41, 42] .
As aforementioned, hydrogel-based networks are attractive for building 3D structures for OC tissue regeneration, that resemble the ECM due to their high water content, viscoelastic nature, and the easy diffusion of biomacromolecules. Thus, the possibility of structuring hydrogel-based matrices in order to increase their porosity for guiding cell infiltration, orientation and ECM formation is of paramount importance for OC tissue regeneration. For example, Canadas et al. [43] developed a novel 3D OC tissue model made of methacrylated gellan gum blended with gelatin and produced both with linear and random porosity distribution, using temperature gradients and freeze-drying process. The porous hydrogels presented isotropic and anisotropic structures with different pore sizes and porosity according to the OC layer. It was also showed different gradient distributions using HAp micro-particles in combination with growth factors, which contributed for the formation of a heterotypic-like OC tissue with different cell orientations according to the chondral or subchondral layer. We have recently developed HRP-SF to form macro-/micro-porous scaffolds using salt-leaching/freeze-drying methodologies for cartilage TE applications [33] . interconnected porous matrices. Additionally, with the applied methodologies the crystallinity of SF protein increased thus improving the scaffolds mechanical properties and structural stability, as compared to pure HRP-crosslinked SF hydrogels produced with amorphous conformation [41] . On the basis of these findings, we have further developed novel hierarchical scaffolds integrating the HRP-crosslinked SF scaffolds as articular cartilage-like layer, into an underlying HRPcrosslinked SF scaffolds containing β-TCP doped with zinc and strontium (HRP-SF/ZnSr-β-TCP), as subchondral bone-like layer [11] . The scaffolds presented adequate structural integrity, homogeneous porosity distribution and the TCP phase confined to the subchondral bone-like layer. As major particularities, these structures presented resilient properties and viscoelastic nature for an easy adjustment to fill OCD. The In the interface region, the genotypic expression of Col X, as a marker of pre-hypertrophic chondrocytes, confirmed the hierarchical and stratified properties of the ion incorporation into the hierarchical scaffolds.
Although worthy outcomes have been obtained so far, a complementary in vivo evaluation was demanded to observe the overall effects of those biofunctional structures in a living OCD. Therefore, in the present study, rabbit knee OCD were used as animal model to induce the OC regeneration potential of the hierarchical scaffolds. It was observed that the fixation of the implanted scaffolds was easy, while maintaining their dimensions over the implantation period (Figure 2A ). It has been reported that the swell behavior of the scaffolds can be a problem for the implantation and in some cases, their fixation can be also compromised [44] . Herein, an expected swelling was reached in order to completely fill the empty space of the defects, however, no protrusions or signs of acute inflammatory reaction were observed. The results may be related to the resilient and viscoelastic properties of the HRP-crosslinked hierarchical scaffolds [11] , which contributed to the superior structural stability. From the 3D reconstructions of the explants, the regular morphology and good stability of the scaffolds filling the defect area were confirmed, as well as, the proposed structures were able to support the cartilage tissue formation and the subchondral bone regeneration, with a high content of CaP detected in the HRP-SF/dTCP and HRP-SF/TCP layers. Confirming these observations, the BMD distribution within the subchondral bone layers of Regen Med Front. 2019;1:e190007. https://doi.org/10.20900/rmf20190007 the BdTCP and BTCP scaffolds was superior to that observed in the top of HRP-SF layers ( Figure 2E ). Previously, Yan et al. [37] showed that the good integration of SF/SF-nanoCaP porous hierarchical scaffolds in rabbit knee OCD enable a rapid subchondral bone regeneration after 4 weeks of implantation. The fast formation of new subchondral bone tissue is critical to fix the implants into the defect sites, but also to provide mechanical support for the subsequent regeneration of articular cartilage tissue [45] .
The authors also observed a small amount of subchondral bone tissue in the empty defects, contrary to the high content of regenerated tissue observed in the defect controls of our study, after a longer implantation period (8 weeks). The good outcomes of the ionic presence into the hierarchical scaffolds were confirmed by the similar porosity ( Figure 2B ), trabecular thickness ( Figure 2C ), and pore size distribution ( Figure 2D ) of the BdTCP scaffolds to that obtained for the healthy controls. Moreover, in the subchondral bone region the BdTCP scaffolds were filled by hard and soft tissue at similar levels ( Figure 3A) , which indicates the strong impact of Zn and Sr elements on bone formation and mineralization, by means of improving the microstructure and crystallinity of β-TCP [34, 46] .
The OC tissue regeneration was further analyzed by histology and immunohistochemistry. The main indicators of articular cartilage tissue formation in OCD regeneration, are the formation of the specific hyaline cartilage components GAG's and Col II [47] . In the present study, we were able to observe the collagen deposition and GAGs matrix formation on the top HRP-SF layers of the BdTCP (Figure 4A ,G) and BTCP ( Figure 4B,H) scaffolds, indicating that these structures were advantageous in supporting neocartilage tissue formation. These observations were also confirmed by the cartilage-specific protein expression of Col II in this region ( Figure 5A,B) . The infiltration of chondrocytes and newly formed cartilage within the porous structure of the top HRP-SF layers, revealed the importance of a high and controlled porosity in cell infiltration, proliferation and ECM formation [47, 48] . When observing tissue formation within the HRP-SF/dTCP ( Figure 4D ) and HRP-SF/TCP ( Figure 4E) layers, new bone ingrowth and blood vessel infiltration were clearly observed ( Figure 4M,N) . The availability of good vascularization pathways is another important issue when considering a scaffold for OCD regeneration and rapid subchondral bone formation [49] . Once again, the production of highly porous structures may have contributed to the obtained results [50] . Thus, the in vivo results revealed that the hierarchical scaffolds support rabbit knee OCD regeneration. 
CONCLUSIONS
